Eighty-eight Pseudomonas aenrginosa isolates, most of them from the Collection of Bacterial Strains of the lnstitut Pasteur, Paris, were analysed for their pyoverdine-mediated iron incorporation system by different methods, including pyoverdine isoelectrofocusing analysis, pyoverdine-mediated growth stimulation, immunoblot detection of (ferri)pyoverdine outer-membrane receptor and pyoverdine-facilitated iron uptake. The same grouping of the strains was reached by each of these methods, resulting in the classification of the P. aenrginosa isolates, even those which were devoid of pyoverdine production, into three different siderophore types. Forty-two percent of the strains were identified with the --strain P. aeruginosa ATCC 15692 (group I), 42% were identical with the second type-strain P. aenrginosa ATCC 27853 (group II) and 16% reacted identically with the clinical isolate P. aenrginosa Pa6, whose pyoverdine was recognized in this study to be identical in structure to the pyoverdine produced by a natural isolate, P. aeruginosa strain R. No new pyoverdine species was detected among these strains.
INTRODUCTION

Pseudomonas aeruginosa
Keywords : Pseudomonas aeruginosa, iron metabolism, pyoverdine, siderophore monads. Iron is tightly bound to host proteins, e.g. ferribactin, transferrin, lactoferrin and haemoglobin. Therefore, pathogenic bacteria have usually developed is an omortunistic human I I pathogen which causes severe and often fatal infections particularly affecting immuno-compromised patients with severe burns (Holder, 1993) or those with human immunodeficiency virus infection (Fichtenbaum et al., 1994; Ali et al., 1995) . It is frequently involved in ear and eye infections (Fleiszig et al., 1994) and could be considered as the main pathogen responsible for chronic pneumonia in patients developing cystic fibrosis (Doring, 1993; Romling et al., 1994) . Among the multiple factors recognized to be involved in the virulence of P. aeruginosa (for details see Campa et al., 1993) , nutritional factors should play a primary role for the development of bacteria in vivo. A particularly crucial factor is bacterial iron nutrition, this element being absolutely necessary for most micro-organisms, especially for aerobic bacteria such as the pseudospecialized Lptaki systems for directly using these iron sources, e.g. Haernopbilus infiuenzae (Schryvers, 1988) and Neisseria gonorrboeae (Schryvers & Morris, 1988) , or have developed powerful siderophores, e.g. aerobactin (Konopka et al., 1982) , vibriobactin (Stoebner & Payne, 1988) or amonabactin (Massad et al., 1991) , which can successfully compete for iron with the host iron proteins.
Pyoverdines (PVDs) , the characteristic fluorescent pigments of the fluorescent pseudomonads (Elliott, 19SS) , are actually the main siderophores of these bacterial species (Meyer et al., 1987) which include P. aeruginosa. A potential role of the P. aeruginosa PVD in iron release from ferritransferrin has already been proposed based on in vitro experiments (Ankenbauer et al., 1985; Sriyosachati & Cox, 1986) , but the ability of correlated with a loss of virulence in these mutants, while virulence was restored when the homologous PVD originating from the wild-type strain was supplemented during infection. Supplementation with a heterologous PVD did not restore the virulence. Thus, a precise knowledge of the PVD-mediated iron uptake system used by a given P. aeruginosa isolate during infection appears to be a prerequisite for developing new ways of treating P. aeruginosa infections via bacterial iron metabolism, e.g. by blocking PVD biosynthesis or the PVD-mediated iron transport.
Three structurally different PVDs have already been identified from P. aeruginosa strains, i.e. from P. aeruginosa ATCC 15692 (Briskot et al., 1989) , P. aeruginosa ATCC 27853 (Tappe et al., 1993) and from a natural isolate, P. aeruginosa R (Gipp et al., 1991) . Moreover, comparative biological investigations on 12 clinical isolates and the two collection strains mentioned above revealed three different strain-specific PVDmediated iron-uptake systems (Cornelis et al., 1989a) in the reference strains P. aeruginosa ATCC 15692, P. aeruginosa ATCC 27853 and the clinical isolate P. aeruginosa Pa6. The present study was undertaken to ascertain the apparent correlation between PVD structure and biological specificity, and to develop a rational and rapid methodology for the recognition of the PVD system used by a given P. aeruginosa strain. The use of siderophores for bacterial typing purposes is referred to in the present work as 'siderotyping' for siderophore typing.
METHODS
Bacterial strains and growth conditions. The 88 P. aeruginosa strains used in this study are listed in Table 1 . Most of them (56/88) were obtained from the Collection of Bacterial Strains of the Institut Pasteur (CIP), Paris, France, and are described in the 1994 or in the 1983 edition of the CIP catalogue. Strains Pal-Pal2 were from G. Wauters' collection (Intensive Care Unit, Saint-Luc Hospital, Brussels, Belgium) and have been described in detail by Cornelis et al. (1989a) . Five cystic fibrosis isolates were provided by B. W. Holloway (Monash University, Clayton, Australia), while 13 strains used for lysotyping (Meitert, 1965 (Meitert, , 1978 were obtained from E. Meitert (Contatuzina Institute, Bucharest, Romania). The type strains P. aeruginosa ATCC 15692 and P. aeruginosa ATCC 27853 were from the American Type Culture Collection (Rockville, MD, USA).
Growth media were a complex medium containing (g 1-'):
peptone, 10; beef extract, 5; NaC1, 5, with or without agar (12 g 1-' ) for routine screening and storage of the bacteria at -80 "C in the presence of glycerol (25 %, v/v, final concn), and agar-solidified King's B medium (King et al., 1954) containing (gl-'): Difco proteose peptone no. 3, 20; MgSO, . 7H,O, 1.5 ; K,HPO, . 3H,O, 1.5 ; glycerol, 10. Two iron-restricted liquid media were used for siderophore production or siderophore-related studies, i.e. synthetic succinate medium (SM) containing (g 1-'): K,HPO,, 6 ; KH,PO,, 3; (NH,),SO,, 1; MgSO, .7H,O, 0.2; succinic acid, 4, pH 7.0, and semi-synthetic Casamino acids medium (CAA) which contained (g 1-' ) : Difco Bacto Casamino acids, 5 ; K,HPO, . 3H,O, 1.18 ; MgSO, . 7H,O, 0.25. Cultures were grown at 30 OC with shaking (200 r.p.m.) in capped test tubes (180 x 18 mm) containing 4 or 7.5 ml medium, or in 100 ml flasks with 50ml medium, or in 11 Erlenmeyer flasks containing 500 ml medium.
PVD purification. The PVDs produced by the type-strains P. aeruginosa ATCC 15692 (referred to in this paper as PVD15692), P. aeruginosa ATCC 27853 (PVD2,853) and P. aeruginosa Pa6 (PVD,,,) were purified by different methods depending on the level of purity required for further use. A rapid mini-scale preparation of the PVD material present after bacterial growth in the culture medium (SM or CAA) consisted of the filtration of the crude culture supernatant (maximum 50 ml) through a 2 x 0-5 cm Sep-Pack C8-cartridge (Waters). After washing with a small quantity of distilled water, the pigmented fluorescent material consisting of the different native and degradative forms of PVD (a-ketoglutarate-, succinic-or succinamide-forms ; see was eluted with a small quantity of 50% (v/v) methanol, evaporated to dryness in a desiccator and redissolved in a minimal volume of water for use in cross-feeding or isoelectrofocusing (IEF) experiments. T o obtain purified compounds required for analytical purposes, a previously described method (Meyer & Abdallah, 1978) was used, consisting of a chloroform/phenol extraction of the iron complexes of PVDs from the culture supernatants, followed by decomplexation and CM-Sephadex chromatography which allowed the separation of the different PVD forms as free ligands. Alternatively, filtration of the pH 6-acidified culture supernatants on a preparative scale on a XAD-4 Amberlite column and further purification of the pigments eluted with 50 ' / o methanol by chromatography on CM-Sephadex and Biogel P-2 (Budzikiewicz, 1993) was preferred since it avoided the iron complexation/decomplexation procedures. Such material was also used for the structural determination of the PVD produced by P. aeruginosa Pa6.
PVD detection by IEF. CAA-culture supernatants were analysed for their PVD content by IEF according to a method described by Koedam et al. (1994) . Culture supernatants (20 pl) were loaded on commercially available pre-coated, ampholine (pH 3-5-9.5) -containing polyacrylamide gels (PAG-plates, Pharmacia). Nineteen samples were analysed in one run consisting of 1.5 h electrophoresis at constant power (12 W) with voltage beginning at 200 V and ending at 1000 V, and performed at 4 "C. Immediately after the run, the gel was transferred to a transilluminator (UV at 312 nm) for visualization of the fluorescent bands of PVD and for photography. Phycocyanin (Bio-Rad IEF standard, PI 4.45) and Sep-Pack-purified PVDs from type-strains were used as markers. Control of the siderophoric nature of the IEFseparated fluorescent bands was done by the Chrome-Azurol S (CAS)-overlay method as described previously (Koedam et al., 1994) . PI values were determined by slicing the IEF gel after electrophoresis into 0-5 cm bands which were incubated separately in 2 ml of double-distilled water for 30 min before measuring the pH.
Outer membrane preparation and ferripyoverdine-receptor immunodetection. The purification of bacterial outer membranes and visualization of the iron-regulated outermembrane proteins (IROMPs) be denaturating PAGE, the preparation of crude and partially purified rabbit polyclonal antisera raised against the main IROMP of P. aeruginosa strains and the immunodetection of the IROMPs by Western blotting have been described previously (Cornelis et al., 1989a ; Meyer et al., 1990) . The large number of strains investigated in the present study required a rapid and easy method of outer 1983 CIP 1994 CIP 1983 CIP 1983 CIP 1983 CIP 1983 CIP 1994 (ATCC 23268) CIP 1994 (ATCC 23267) CIP 1983 CIP 1983 CIP 1994 CIP 1994 CIP 1994 CIP 1983 CIP 1983 CIP 1983 CIP 1983 CIP 1983 CIP 1983 CIP 1983 CIP 1994 CIP 1983 CIP 1983 CIP 1983 CIP 1983 CIP 1983 CIP 1983 CIP 1983 CIP 1983 t As indicated in the catalogues or in the literature; -, no information available. membrane preparation. This was achieved using the microbroken by three cycles of 30 s sonication at 4 "C using a method of Pugsley & Oudega (1987) . Briefly, cells from 7-5 ml microsonicator probe. The supernatant of a 30 s centri-SM cultures were harvested by centrifugation, washed twice fugation at 15 000 g (repeated twice) was transferred to a fresh with distilled water and resuspended in 1 ml 50 mM tube and mixed vigourously for 30 s with Triton X-100 at a Tris/HCl, 0-5 mM MgC1, buffer, pH 7.4. The cells were then h a 1 concentration of 2% (v/v). The extract was kept on ice for 10 min and then centrifuged at 15000g for 30 min. The Triton-insoluble material was quickly rinsed with 70 ' / o (v/v) ethanol, resuspended in 100 pl SDS-PAGE sample buffer and analysed following electrophoresis on 10 '/o (w/v) polyacrylamide gels (Laemmli, 1970) . Growth stimulation tests. The effect on bacterial growth of Sep-Pak-purified or pure (succinic-form) PVD,,,,,, PVD,,,,, or PVD,,, was tested using SM-or King's B-agar plates supplemented with 1 mg ethylenediaminedihydroxyphenylacetic acid (EDDHA) ml-l. Plates (24-h old) were used to ensure full complexation of contaminating iron by the synthetic iron-chelator. Plates were homogeneously inoculated with 100 p1 of a 1/10 diluted overnight bacterial culture at 37 "C in complex medium or in CAA medium. Then, sterile filter-paper discs (non-impregnated 6 mm-diam. antibiotic discs ; Institut Pasteur Productions) were impregnated with 20 p1 of each filter-sterilized 1 mM aqueous solution of typestrain PVD and placed on the surface of the agar. Plates were incubated at 37 "C and scored after 6-24 h, depending on the strains, according to the effects of PVDs on bacterial growth : no stimulation (0), slight stimulation ( f ; light growth, diam.
usually < 10 mm around the paper disc) or good stimulation ( + ; thick growth, diam. usually > 15 mm).
59Fe uptake. The capacity of PVD,,,,,, PVD,,,,, and PVD,,, to mediate cellular iron incorporation was independently tested on some of the bacterial strains in 15 min kinetic uptake measurements performed as described previously (Cornelis et al., 1989a) .
PVD structure determination. NMR-experiments were performed on a Brucker AMX 500 instrument. For GC-MS measurements, a Kratos mass spectrometer 25 RE with a Carlo Erba MFC 500 gas chromatograph was used equipped with a Chrompack SE-54 capillary column (25 m, 0.32 i.d. ; Macherey-Nagel). The time programme was isothermal at 80 "C for 3 min and at 270 "C for 7 min, with a shift of temperature at a rate of 10 "C min-' ; 70 eV spectra. Fast atom bombardment (FAB)-MS measurements were performed using a Finnigan MAT HSQ30 instrument with an Ion Tech FAB gun; FAB gas, Xe.
RESULTS
Structure determination of PVD,,,
The amino acid composition of PVD,,,, as partially determined in a previous study (Cornelis et al., 1989a) , suggested an unusual structure for this PVD, compared with the PVDs of P. aeruginosa ATCC 15692 (Briskot et al., 1989) and ATCC 27853 (Tappe et al., 1993) . Thus, a complete structure determination of PVDPa6 was undertaken during the present study. The main PVD compound produced by P. aeruginosa Pa6 grown under iron starvation was obtained by a purification method described previously (Meyer & Abdallah, 1978) , further purified by Biogel P-2 chromatography and subjected to PI (positive ion)-FAB MS, amino acid determination by N/O-trifluoroacetyl-n-butyl (TAB) derivatization and GC-MS analysis of the TAB-derivatives, and ' H and 13C-NMR spectrometry. The analytical data (not shown), i.e. the molecular mass [(MH)': m/s 11731 and the identification of Suc-, Gly-, Om-, OHOrn-, Glu-and (Ser, Dab)-TAB derivatives, already suggested a strong similarity between PVD,,, and PVD,,,, the PVD produced by P . aeruginosa strain R, the structure of which is already known (Gipp et al., 1991) . Furthermore, the comparison of 'H and 13C-NMR spectra from both PVDs definitively proved that PVDPa6 has the same structure as PVD,,, (data not shown). Developed are shown in Fig. 1 .
structures of PVD15692, PVD,,,,, and PVD,,, (PVD,.,) 
Siderotyping by PVD-induced growth stimulation
Bacterial growth in culture medium with contaminating iron chelated before inoculation by a strong synthetic iron-chelator such as EDDHA is usually very delayed compared to growth in a normal, unsupplemented medium. Growth could be restored to its normal rate by supplementation of the EDDHA-containing growth medium with siderophores, providing that (i) the added siderophore could favourably compete for iron with the synthetic chelator, and (ii) that the bacteria had an active specific iron-transport system which recognized the tested siderophore-iron complex. As demonstrated in a previous study (Cornelis et al., 1989a) and illustrated in Table 2 of the present study by the control assays, the three P. aeruginosa type-strains in this type of system were each strongly growth-stimulated by their respective PVDs. Heterologous PVDs (e.g. PVD2,853 and PVDpas for P. aeruginosa ATCC 15692) had no effect or had a weak growth-stimulating effect which could be unambiguously distinguished from the thick growth of cells which developed up to 15 mm in diameter around the homologous PVD-impregnated paper disc. Results obtained with 10 of the uncharacterized strains are detailed in Table 2 , showing that, for each strain, only one of the type-strain PVDs was able to strongly stimulate the bacterial growth. The siderotype as assigned by this method to each of the strains investigated is indicated in Table 4 .
Siderotyping by IEF
Supernatants from cultures of P. aeruginosa strains in CAA medium were analysed by IEF. Highly fluorescent bands, as visualized under UV light, separated well upon electrophoresis and reacted strongly after CAS-overlay, demonstrating that they corresponded to the different forms of PVD which accumulate in an iron-starved culture supernatant. Three different patterns were recognized among the strains, corresponding to the patterns obtained with P. aeruginosa ATCC 15692 (Fig.  2, lane ll) , P . aeruginosa ATCC 27853 (Fig. 2, lane 12) and P. aeruginosa Pa6 (Fig. 2, lane 13) . Two to three major bands characterized each pattern, with PI values of 8.8,7-2 and 7.1 for P. aeruginosa ATCC 15692 (from bottom to top in Fig. 2 Although some strain-dependent differences could be observed in the IEF patterns, due mainly to missing or supplementary minor, slightly fluorescent bands, the unambiguous identification and the consequent classification of all the PVD-producing strains was possible using this method. None of them presented an IEF pattern different from those of the three type strains and, indeed, no major fluorescent bands were visible for strains having a defect in PVD production. The IEF siderotype for each of the strains analysed is given in Table 4 .
Siderotyping by ferripyoverdine outer-membrane receptor immunoblot
Partially purified polyclonal antisera raised against the main IROMP of P. aeruginosa ATCC 15692, ATCC 27853 or Pa6 (Cornelis et al., 1989a) were used in Western blot experiments involving the outer-membrane proteins of the P. aeruginosa strains, purified as membrane Triton X-100 insoluble material (Pugsley & Oudega, 1987) . As previously shown for P. aeruginosa ATCC 15692 and ATCC 27853, this procedure allows recognition of strains having a PVD-mediated iron uptake system identical to the ones of the two typestrains (Cornelis et al., 1989a) by specifically revealing the ferripyoverdine outer-membrane receptor as demonstrated for P. aeruginosa ATCC 15692 (Meyer et al., 1990) . The anti-P. aeruginosa Pa6-IROMP antiserum behaved the same, reacting strongly with the 80 kDa IROMP of strain Pa6, while it cross-reacted only slightly with one or two outer-membrane- shown in Table 3 . Although non-specific immunodetection of protein bands other then IROMPs frequently occurred, probably due to the use of partially purified outer membranes, the differences in intensity for immunoreactions with IROMPs and other proteins unambiguously allowed the classification of all the strains to one of the three type groups, as shown in Table 4 . One exception, however, concerned strain A l l which showed no immunoreaction with any of the three antisera (Table 4) .
Siderotyping by iron uptake
PVD-mediated ,'Fe uptake kinetics, using the purified PVD,,,,,, PVD,,,,, or PVDPa6 (succinic forms) as iron chelators, were performed on some strains which were already well characterized by the three typing methods and were used as controls, and on all strains presenting a defect in the typing scheme, e.g. non-IEFtypable, PVD-deficient strains. It was shown previously that a strict specificity of recognition between ferripyoverdine and its outer-membrane receptor occurs within the three P. aeruginosa type-strains, each strain only being able to incorporate the labelled iron chelated by its own PVD (Cornelis et al., 1989a) . The uncharacterized strains followed this rule, each strain being tested incorporating only one of the three (ferri)pyoverdines (data not shown), and, thus, were classified accordingly (Table 4) . However, three PVDdeficient strains, A l l , A13 and D, showed no incorporation with any of the three (ferri)pyoverdines. Their correct designation as P. aeruginosa species was checked by the accurate PCR-probing technique based on the detection of a 249 bp fragment of oprl coding for the outer-membrane lipoprotein of P. aeruginosa strains (Cornelis et al., 1989b; De Vos et al., 1993) . The sequence of the corresponding PCR-amplified fragments from strains A l l , A13 and D showed a perfect identity with the P. aeruginosa ATCC 15692 sequence (data not shown).
DISCUSSION
A preliminary study (Cornelis et al., 1989a) involving 12 clinical P. aeruginosa isolates and the two collection strains, P. aeruginosa ATCC 15692 and ATCC 27853 had recognized that three different PVDs were produced by these strains, with five clinical isolates producing the same, structurally known (Briskot et al., 1989) PVD as P. aeruginosa ATCC 15692 and four clinical isolates producing a PVD identical to that produced by P. aeruginosa ATCC 27853, whose structure was recently identified (Tappe et af., 1993) . Two o f the clinical isolates did not produce a PVD, while strain P. aeruginosa Pa6 produced a structurally distinct PVD which, as briefly shown here, is identical with the PVD isolated from P. aeruginosa strain R, whose structure was identified previously (Gipp et af., 1991) . In the present study, application of the biological methods, i.e.
1.-M. MEYER a n d OTHERS PVD-mediated iron uptake, PVD-induced growth stimulation and ferripyoverdine outer-membrane receptor immunodetection, to a large set of strains (88) confirmed the existence of three types of PVD among P. aeruginosa strains. No evidence for a supplementary type of PVD appeared during the screening. Furthermore, the data confirmed the validity and usefulness of the siderotyping methodology, including the recently developed analytical method of PVD identification by IEF (Koedam et al., 1994) , for identifying the type of PVD produced by an uncharacterized P. aeruginosa strain or for identifying the type of PVD that a strain, unable to synthesize PVD, could recognize and use to cover its iron needs.
Of the 88 strains analysed, 83 (94%, see Table 4 ) were unambiguously classified in one of the three PVD groups according to the concordant typing results of at least three of the methods employed. The fourth method, iron uptake, was only used for about half of the strains. Some were used as controls (15 strains), while some others were investigated because of their PVD biosynthesis defect which rendered them non-IEF-typable (22 strains). For all the control strains, the fourth typing method gave a grouping identical to the three other methods, thus highlighting the validity of each of these methods for PVD siderotyping. The five strains which were not typable by at least three of the typing methods were recognized as non-PVD producers, and three of them were typed by two methods resulting in concordant data, growth stimulation and uptake (strains A18 and Do) or growth stimulation and immunoblotting (strain A13). Among these five strains, three failed to incorporate any of the three ferripyoverdines. This could suggest that they also have a defect in the ferripyoverdine transport system, e.g. the lack of a ferripyoverdine outer-membrane receptor, as seems to occur for strain A l l which did not react with any of the three anti-IROMP antisera. However, growth of strain A l l was strongly and specifically stimulated by PVD,,,,,, as was the growth of strains A13 and D. The explanation for such apparently contradictory results could be that the level of ferripyoverdine receptor in these strains is too low for detection and to allow a measurable iron uptake, or that the strains possess a PVD-inducible iron transport system, induced during growth stimulation experiments, analogous to the one described in P. putida WCS358 (Koster et al., 1993) . Although uncertainty remains with the siderotyping of the atypical strains A l l and D, probably because of a strong defect in the PVDmediated iron transport system, it can be assessed that the methodology used in the present study is accurate for well defined P. aeruginosa strains, including strains having a defect in PVD synthesis.
PVD-induced growth stimulation is certainly the fastest method of siderotyping, requiring less than 10 h for completion for a large majority of strains. However, because of the possibility of PVD-inducible supplementary systems of iron uptake, it is advised that the results should be confirmed by another method, which could be IEF for strains producing PVD, or PVD-mediated iron uptake for others. Siderotyping by immunodetection of ferripyoverdine outer-membrane receptors is the most time-consuming and cumbersome method.
From the overall data summarized for each strain in Table 4 , it can be concluded that 42% of the P. aeruginosa isolates had a PVD system identical to that of P. aeruginosa ATCC 15692 (group I), 42 'XI behaved like P. aeruginosa ATCC 27853 (group II), while 16 YO were identical to P. aeruginosa Pa6 (group 111). These mean values based on 88 strains are in good agreement with the partial data obtained previously with the Pal-Pal2 Wauters collection strains which included five, five and two strains belonging to groups I, I1 and 111, respectively (Cornelis et al., 1989a;  Table 4 ).
The environmental origin of the majority of strains involved in the present study is unknown with, however, a rough indication for 42 clinical isolates (Table l) , among them five strains originating from coprocultures, six strains isolated from cystic fibrosis patients and 13 strains from urinary tract infections. It should be noted that coproculture and cystic fibrosis strains were all recognized as belonging to group 11, while urinary tract infection strains displayed some heterogeneity, with a majority of strains (7/13) belonging to group I. Indeed, the low number of strains and the lack of more precise information concerning the origin of the strains does not allow any conclusive correlation between the siderotype and the clinical origin of these strains. A more detailed study involving clinically defined strains of different medical and geographical origins is presently under investigation.
